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MEMORY TRANSISTOR WITH MULTIPLE 
CHARGE STORING LAYERS AND A HIGH 
WORK FUNCTION GATE ELECTRODE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of U.S. patent applica 
tion Ser. No. 13/288,919, filed Nov. 3, 2011, which is a 
divisional of U.S. patent application Ser. No. 12/152,518. 
filed on May 13, 2008, now U.S. Pat. No. 8,063,434 issued on 
Nov. 22, 2011, which claims priority to U.S. Provisional 
Patent Application No. 60/940,160, filed May 25, 2007, all of 
which are incorporated by reference herein in their entirety. 

TECHNICAL FIELD 

The present invention relates generally to semiconductor 
devices, and more particularly to integrated circuits including 
non-volatile semiconductor memories and methods of fabri 
cating the same. 

BACKGROUND OF THE INVENTION 

Non-volatile semiconductor memories are devices that can 
be electrically erased and reprogrammed. One type of non 
Volatile memory that is widely used for general storage and 
transfer of data in and between computers and other elec 
tronic devices is flash memory, such as a split gate flash 
memory. A split gate flash memory transistor has an architec 
ture similar to that of a conventional logic transistor. Such as 
Metal-Oxide-Semiconductor Field Effect Transistor (MOS 
FET), in that it also includes a control gate formed over a 
channel connecting a source and drain in a substrate. How 
ever, the memory transistor further includes a memory or 
charge trapping layer between the control gate and the chan 
nel and insulated from both by insulating or dielectric layers. 
A programming Voltage applied to the control gate traps a 
charge on the charge trapping layer, partially canceling or 
screening an electric field from the control gate, thereby 
changing a threshold Voltage (V) of the transistor and pro 
gramming the memory cell. During read-out, this shift in V 
is sensed by the presence or absence of current flow through 
the channel with application of a predetermined read-out 
Voltage. To erase the memory transistor, an erase Voltage is 
applied to the control gate to restore, or reverse the shift in V. 
An important measure of merit for flash memories is data 

retention time, which is the time for which the memory tran 
sistor can hold charge or remain programmed without the 
application of power. The charge stored or trapped in the 
charge trapping layer decreases over time due to leakage 
current through the insulating layers, thereby reducing the 
difference between a programmed threshold voltage (VTP) 
and an erased threshold voltage (VTE) limiting data retention 
of the memory transistor. 
One problem with conventional memory transistors and 

methods of forming the same is that the charge trapping layer 
typically has poor or decreasing data retention over time, 
limiting the useful transistor lifetime. Referring to FIG. 1A, if 
the charge trapping layer is silicon (Si) rich there is a large, 
initial window or difference between VTP represented by 
graph or line 102, and the VTE, represented by line 104, but 
the window collapse very rapidly in retention mode to an end 
of life (EOL 106) of less than about 1.E+07 seconds. 

Referring to FIG. 1B, if on the other hand the charge 
trapping layer is if a high quality nitride layer, that is one 
having a low Stoichiometric concentration of Si, the rate of 
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2 
collapse of the window or Vit slope in retention mode is 
reduced, but the initial program-erase window is also 
reduced. Moreover, the slope of Vt in retention mode is still 
appreciably steep and the leakage path is not sufficiently 
minimized to significantly improve data retention, thus EOL 
106 is only moderately improved. 
Another problem is that increasingly semiconductor 

memories combine logic transistors, such as MOSFETs, 
with memory transistors in integrated circuits (ICs) fabri 
cated on a common Substrate for embedded memory or Sys 
tem-On-Chip (SOC) applications. Many of the current pro 
cesses for forming performance of memory transistors are 
incompatible with those used for fabricating logic transistors. 

Accordingly, there is a need for memory transistors and 
methods of forming the same that provides improved data 
retention and increased transistor lifetime. It is further desir 
able that the methods of forming the memory device are 
compatible with those for forming logic elements in the same 
IC formed on a common Substrate. 

SUMMARY OF THE INVENTION 

The present invention provides a solution to these and other 
problems, and offers further advantages over conventional 
memory transistors or devices and methods of forming the 
SaC. 

In a first aspect, the present invention is directed to a 
non-volatile memory transistor including: (i) an oxide-ni 
tride-oxide (ONO) dielectric stack on a surface of a semicon 
ductor Substrate; and (ii) high work function gate electrode 
formed over a surface of the ONOdielectric stack. Preferably, 
the high work function gate electrode comprises a doped 
polycrystalline silicon or polysilicon (poly) layer. More pref 
erably, the doped polysilicon layer comprises a P+ dopant, 
such as boron or difluoroborane (BF), and the substrate 
comprises a silicon surface on which the ONOdielectric stack 
is formed to form a silicon-oxide-nitride-oxide-silicon 
(SONOS) gate stack of a NMOS SONOS memory transistor. 

In certain embodiments, the ONO dielectric stack com 
prises a multi-layer charge storage layer including at least a 
Substantially trap free bottom oxynitride layer and a charge 
trapping top oxynitride layer. In one version of these embodi 
ments, for example, the top oxynitride layer is formed under 
conditions selected to form a silicon-rich, oxygen-lean oxyni 
tride layer, and the bottom oxynitride layer is formed under 
conditions selected to form a silicon-rich, oxygen-rich oxyni 
tride layer. 

In another aspect, the present invention is directed to a 
semiconductor device including both a non-volatile memory 
transistorand a metal oxide semiconductor (MOS) logic tran 
sistor and methods of forming the same. The memory tran 
sistor includes an ONO dielectric stack including a multi 
layer charge storage layer formed on a Surface of a 
semiconductor Substrate, and a high work function gate elec 
trode formed over a surface of the ONO dielectric stack. 
Preferably, the high work function gate electrode of the 
memory transistor comprises a doped polysilicon layer. More 
preferably, the MOS logic transistor also includes a high work 
function gate electrode formed over a gate oxide on the Sur 
face of the substrate. 

In one embodiment, the high work function gate electrodes 
of the memory transistor and the MOS logic transistor com 
prise a P+ doped polysilicon layer deposited over the ONO 
stack and gate oxide on a silicon substrate to forman NMOS 
SONOS memory transistor and a P-type (PMOS) logic tran 
sistor. The multi-layer charge storing layer can include, for 
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example, a Substantially trap free bottom oxynitride layer and 
a charge trapping top oxynitride layer. 

In one embodiment, a method of forming Such a semicon 
ductor device comprises steps of: (i) forming an ONO dielec 
tric stack on a surface of a semiconductor Substrate in at least 
a first region in which a non-volatile memory transistor is to 
be formed, the ONO dielectric stack including a multi-layer 
charge storage layer; (ii) forming an oxide layer on the Sur 
face of the substrate in a second region in which a MOS logic 
transistor is to be formed; and (iii) forming a high work 
function gate electrode on a surface of the ONO dielectric 
stack. Preferably, the step of forming a high work function 
gate electrode on a surface of the ONO dielectric stack com 
prises the step of forming a doped polysilicon layer on a 
surface of the ONO dielectric stack. More preferably, the step 
of forming a doped polysilicon layer on a surface of the ONO 
dielectric stack further comprises the step of also forming the 
doped polysilicon layer on a surface of the oxide layer of the 
MOS logic transistor form a high work function gate elec 
trode thereon. 

In certain embodiments, the semiconductor Substrate 
includes a silicon surface over which the ONO dielectric 
stack is formed, and the step of forming a doped polysilicon 
layer comprises the step of forming a P+ doped polysilicon 
layer to form an NMOS SONOS memory transistor and a 
PMOS logic transistor. Generally, the polysilicon layer can be 
doped by ion implantation with boron or BF, before or after 
patterning the polysilicon layer, the ONO dielectric stack and 
the oxide layer to form gate stacks of the memory transistor 
and the MOS logic transistor. 

In other embodiments, the step of forming the ONOdielec 
tric stack comprises the step of forming a multi-layer charge 
storage layer overlying a lower or tunnel oxide layer on the 
Surface of the Substrate, followed depositing or growing an 
upper or blocking oxide layer over the multi-layer charge 
storage layer. Preferably, the step of forming the multi-layer 
charge storage layer comprises the step of forming a Substan 
tially trap free bottom oxynitride layer followed by forming a 
charge trapping top oxynitride layer overlying the trap free 
bottom oxynitride layer. More preferably, the bottom oxyni 
tride layer is formed under conditions selected to form a 
silicon-rich, oxygen-rich oxynitride layer, and the top oxyni 
tride layer is formed under conditions selected to form a 
silicon-rich, oxygen-lean oxynitride layer. Optionally, the 
charge trapping top oxynitride layer formed, for example, in 
a chemical vapor deposition (CVD) process using a process 
gas comprising Bis-TertiaryButylAminoSilane (BTBAS) 
selected to increase a concentration of carbon and thereby the 
number of traps therein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and various other features and advantages of the 
present invention will be apparent upon reading of the fol 
lowing detailed description in conjunction with the accom 
panying drawings and the appended claims provided below, 
where: 

FIG. 1A is a graph showing data retention for a memory 
transistor using a charge storage layer formed according to a 
conventional method and having a large initial difference 
between programming and erase Voltages but which loses 
charge quickly; 

FIG. 1B is a graph showing data retention for a memory 
transistor using a charge storage layer formed according to a 
conventional method and having a smaller initial difference 
between programming and erase Voltages; 
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FIGS. 2A through 2D are partial cross-sectional side views 

of a semiconductor device illustrating a process flow for 
forming a semiconductor device including a logic transistor 
and non-volatile memory transistor according to an embodi 
ment of the present invention; and 

FIG. 3 is a partial cross-sectional side view of a semicon 
ductor device including a logic transistor and non-volatile 
memory transistor comprising high work function gate elec 
trodes according to an embodiment of the present invention. 

DETAILED DESCRIPTION 

The present invention is directed generally to non-volatile 
memory transistor including a multi-layer charge storage 
layer and high work function gate electrode to increase data 
retention and/or to improve programming time and efficiency. 
The structure and method are particularly useful for embed 
ded memory or System-On-Chip (SOC) applications in 
which a semiconductor device includes both a logic transistor 
and non-volatile memory transistor comprising high work 
function gate electrodes formed on a common Substrate. 

In the following description, for purposes of explanation, 
numerous specific details are set forth in order to provide a 
thorough understanding of the present invention. It will be 
evident, however, to one skilled in the art that the present 
invention may be practiced without these specific details. In 
other instances, well-known structures, and techniques are 
not shown in detail or are shown in block diagram form in 
order to avoid unnecessarily obscuring an understanding of 
this description. 

Reference in the description to “one embodiment' or “an 
embodiment’ means that a particular feature, structure, or 
characteristic described in connection with the embodiment 
is included in at least one embodiment of the invention. The 
appearances of the phrase “in one embodiment in various 
places in the specification do not necessarily all refer to the 
same embodiment. The term “to couple' as used herein may 
include both to directly connect and to indirectly connect 
through one or more intervening components. 

Briefly, a non-volatile memory transistor according to the 
present invention includes a high work function gate elec 
trode formed over an oxide-nitride-oxide (ONO) dielectric 
stack. By high work function gate electrode it is meant that the 
minimum energy needed to remove an electron from the gate 
electrode is increased. 

In certain preferred embodiments, the high work function 
gate electrode comprises a doped polycrystalline silicon or 
polysilicon (poly) layer, the fabrication of which can be can 
be readily integrated into standard complementary metal 
oxide-semiconductor (CMOS) process flows, such as those 
used fabricate metal-oxide-semiconductor (MOS) logic tran 
sistors, to enable fabrication of semiconductor memories or 
devices including both memory and logic transistors. More 
preferably, the same doped polysilicon layer can also be pat 
terned to form a high work function gate electrode for the 
MOS logic transistor, thereby improving the performance of 
the logic transistor and increasing the efficiency of the fabri 
cation process. Optionally, the ONO dielectric stack includes 
a multi-layer charge storage or charge trapping layer to fur 
ther improve performance, and in particular data retention, of 
the memory transistor. 
A semiconductor device including a non-volatile memory 

transistor comprising a high work function gate electrode and 
methods of forming the same will now be described in detail 
with reference to FIGS. 2A through 2D, which are partial 
cross-sectional side views of intermediate structures illustrat 
ing a process flow for forming a semiconductor device includ 
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ing both memory and logic transistors. For purposes of clar 
ity, many of the details of semiconductor fabrication that are 
widely known and are not relevant to the present invention 
have been omitted from the following description. 

Referring to FIG. 2, fabrication of the semiconductor 
device begins with formation of an ONO dielectric stack 202 
over a surface 204 of a wafer or substrate 206. Generally, the 
ONOdielectric stack 202 includes a thin, lower oxide layer or 
tunneling oxide layer 208 that separates or electrically iso 
lates a charge trapping or storage layer 210 from a channel 
region (not shown) of the memory transistor in the Substrate 
206, and a top or blocking oxide layer 212. Preferably, as 
noted above and as shown in FIGS. 2A-2D, the charge storage 
layer 210 is a multi-layer charge storage layer including at 
least a top, charge trapping oxynitride layer 210A and a lower, 
substantially trap free oxynitride layer 210B. 

Generally, the substrate 206 may include any known sili 
con-based semiconductor material including silicon, silicon 
germanium, silicon-on-insulator, or silicon-on-Sapphire Sub 
strate. Alternatively, the substrate 206 may include a silicon 
layer formed on a non-silicon-based semiconductor material, 
Such as gallium-arsenide, germanium, gallium-nitride, or alu 
minum-phosphide. Preferably, the substrate 206 is a doped or 
undoped silicon Substrate. 

The lower oxide layer or tunneling oxide layer 208 of the 
ONO dielectric stack 202 generally includes a relatively thin 
layer of silicon dioxide (SiO2) of from about 15 angstrom(A) 
to about 22A, and more preferably about 18A. The tunneling 
oxide layer 208 can be formed or deposited by any suitable 
means including, for example, being thermally grown or 
deposited using chemical vapor deposition (CVD). In a pre 
ferred embodiment, the tunnel oxide layer is formed or grown 
using a steam anneal. Generally, the process includes a wet 
oxidizing method in which the substrate 206 is placed in a 
deposition or processing chamber, heated to a temperature 
from about 700° C. to about 850° C., and exposed to a wet 
vapor for a predetermined period of time selected based on a 
desired thickness of the finished tunneling oxide layer 208. 
Exemplary process times are from about 5 to about 20 min 
utes. The oxidation can be performed at atmospheric or at low 
pressure. 

In a preferred embodiment, the oxynitride layers 210A, 
210B, of the multi-layer charge storage layer 210 are formed 
or deposited in separate steps utilizing different processes and 
process gases or source materials, and have an overall or 
combined thickness of from about 70 A to about 150 A, and 
more preferably about 100 A. The lower, trap free oxynitride 
layer 210B can be formed or deposited by any suitable means 
including, for example, deposition in a low pressure CVD 
process using a process gas including a silicon Source. Such as 
silane (SiH), chlorosilane (SiH,Cl), dichlorosilane 
(SiH,Cl), tetrachlorosilane (SiCl), a nitrogen source, such 
as nitrogen (N2), ammonia (NH), nitrogen trioxide (NO-) or 
nitrous oxide (N2O), and an oxygen-containing gas, such as 
oxygen (O) or NO. In one embodiment the trap free oxyni 
tride layer 210B is deposited in a low pressure CVD process 
using a process gas including dichlorosilane, NH and N2O, 
while maintaining the chamber at a pressure of from about 5 
millitorr (mT) to about 500 mT, and maintaining the substrate 
at a temperature of from about 700° C. to about 850° C. and 
more preferably at least about 780°C., for a period of from 
about 2.5 minutes to about 20 minutes. In particular, the 
process gas can include a first gas mixture of N2O and NH 
mixed in a ratio of from about 8:1 to about 1:8 and a second 
gas mixture of DCS and NH mixed in a ratio of from about 
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1:7 to about 7:1, and can be introduced at a flow rate of from 
about 5 to about 200 standard cubic centimeters per minute 
(Scem). 
The top, charge trapping oxynitride layer 210A can be 

deposited over the bottom oxynitride layer 210B in a CVD 
process using a process gas including Bis-TertiaryButylAmi 
noSilane (BTBAS). It has been found that the use of BTBAS 
increases the number of deep traps formed in the oxynitride 
by increasing the carbon level in the charge trapping oxyni 
tride layer 210A. Moreover, these deep traps reduce charge 
losses due to thermal emission, thereby further improving 
data retention. More preferably, the process gas includes 
BTBAS and ammonia (NH) mixed at a predetermined ratio 
to provide a narrow band gap energy level in the oxynitride 
charge trapping layer. In particular, the process gas can 
include BTBAS and NH mixed in a ratio of from about 7:1 to 
about 1:7. For example, in one embodiment the charge trap 
ping oxynitride layer 210A is deposited in a low pressure 
CVD process using BTBAS and ammonia NH at a chamber 
pressure of from about 5 mT to about 500 mT, and at a 
substrate temperature of from about 700° C. to about 850° C. 
and more preferably at least about 780° C., for a period of 
from about 2.5 minutes to about 20 minutes. 

It has been found that an oxynitride layer produced or 
deposited under the above conditions yields a trap-rich oxyni 
tride layer 210A, which improves the program and erase 
speed and increases of the initial difference (window) 
between program and erase Voltages without compromising a 
charge loss rate of the memory transistor, thereby extending 
the operating life (EOL) of the device. Preferably, the charge 
trapping oxynitride layer 210A has a charge trap density of at 
least about 1E10/cm, and more preferably from about 1E12/ 
cm to about 1E14/cm. 

Alternatively, the charge trapping oxynitride layer 210A 
can be deposited over the bottom oxynitride layer 210B in a 
CVD process using a process gas including BTBAS and 
Substantially not including ammonia (NH). In this alterna 
tive embodiment of the method, the step of depositing the top, 
charge trapping oxynitride layer 210A is followed by a ther 
malannealing step in a nitrogen atmosphere including nitrous 
oxide (NO), NH, and/or nitrogen oxide (NO). 

Preferably, the top, charge trapping oxynitride layer 210A 
is deposited sequentially in the same CVD tool used to form 
the bottom, trap free oxynitride layer 210B, substantially 
without breaking vacuum on the deposition chamber. More 
preferably, the charge trapping oxynitride layer 210A is 
deposited substantially without altering the temperature to 
which the substrate 206 was heated during deposition of the 
trap free oxynitride layer 210B. 
A suitable thickness for the lower, trap free oxynitride layer 

210B has been found to be from about 10A to about 80 A, and 
a ratio of thicknesses between the bottom layer and the top, 
charge trapping oxynitride layer has been found to be from 
about 1:6 to about 6:1, and more preferably at least about 1:4. 
The top oxide layer 212 of the ONO dielectric stack 202 

includes a relatively thick layer of SiO, of from about 20 A to 
about 70 A, and more preferably about 45 A. The top oxide 
layer 212 can be formed or deposited by any suitable means 
including, for example, being thermally grown or deposited 
using CVD. In a preferred embodiment, the top oxide layer 
212 is a high-temperature-oxide (HTO) deposited using CVD 
process. Generally, the deposition process includes exposing 
the substrate 308 to a silicon source, such as silane, chlorosi 
lane, or dichlorosilane, and an oxygen-containing gas, such as 
O. or NO in a deposition chamberata pressure of from about 
50 mT to about 1000 mT, for a period of from about 10 
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minutes to about 120 minutes while maintaining the Substrate 
at a temperature of from about 650° C. to about 850° C. 

Preferably, the top oxide layer 212 is deposited sequen 
tially in the same tool used to form the oxynitride layers 
210A, 210B. More preferably, the oxynitride layers 210A, 
210B, and the top oxide layer 212 are formed or deposited in 
the same tool used to grow the tunneling oxide layer 208. 
Suitable tools include, for example, an ONO AVP, commer 
cially available from AVIZA technology of Scotts Valley, 
California. 

Referring to FIG. 2B, in those embodiments in which the 
semiconductor device is to further include a logic transistor, 
such as a MOS logic transistor, formed on the surface of the 
same substrate the ONO dielectric stack 202 is removed from 
a region or area of the surface 204 in which the logic transistor 
is to be formed, and an oxide layer 214 the formed thereon. 

Generally, the ONO dielectric stack 202 is removed from 
the desired region or area of the Surface 204 using standard 
photolithographic and oxide etch techniques. For example, in 
one embodiment a patterned mask layer (not shown) is 
formed from a photo-resist deposited on the ONO dielectric 
stack 202, and the exposed region etched or removed using a 
low pressure radiofrequency (RF) coupled or generated 
plasma comprising fluorinated hydrocarbon and/or fluori 
nated carbon compounds, such as CHF commonly referred 
to as Freon R. Generally, the processing gas further includes 
argon (Ar) and nitrogen (N) at flow rates selected to maintain 
a pressure in the etch chamber of from about 50 mT to about 
250 mT during processing. 
The oxide layer 214 of the logic transistor can include a 

layer of SiO, having a thickness of from about 30 to about 70 
A, and can be thermally grown or deposited using CVD. In 
one embodiment, the oxide layer 214 is thermally grown 
using a steam oxidation process, for example, by maintaining 
the substrate 206 in a steam atmosphere at a temperature of 
from about 650° C. to about 850° C. for a periodoffrom about 
10 minutes to about 120 minutes. 

Next, a doped polysilicon layer is formed on a surface of 
the ONO dielectric stack 202 and, preferably, the oxide layer 
214 of the logic transistor. More preferably, the substrate 206 
is a silicon Substrate or has a silicon Surface on which the 
ONO dielectric stack is formed to form a silicon-oxide-ni 
tride-oxide-silicon (SONOS) gate stack of a SONOS memory 
transistor. 

Referring to FIG. 2C, forming of the doped polysilicon 
layer begins with the deposition of a conformal polysilicon 
layer 216 having a thickness of from about 200 A to about 
2000 A over the ONOdielectric stack 202 and the oxide layer 
214. The polysilicon layer 216 can beformed or deposited by 
any suitable means including, for example, deposition in a 
low pressure CVD process using a silicon Source or precursor. 
In one embodiment the polysilicon layer 216 is deposited in a 
low pressure CVD process using a silicon containing process 
gas, such as silane or dichlorosilane, and N, while maintain 
ing the substrate 206 in a chamber at a pressure of from about 
5 to 500 mT, and at a temperature of from about 600° C. to 
about 1000°C. for a period of from about 20 minutes to about 
100 minutes to a substantially undoped polysilicon layer. The 
polysilicon layer 216 can be formed or grown directly as a 
doped polysilicon layer through the addition of gases such as 
phosphine, arsine, diborane or difluoroborane (BF) to the 
CVD chamber during the low pressure CVD process. 

In one embodiment, the polysilicon layer 216 is doped 
following the growth or formation in the LPCVD process 
using ion implantation process. For example, the polysilicon 
layer 216 can be doped by implanting boron (B) or BF ions 
at an energy of from about 5 to about 100 kilo-electron volts 
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(keV), and a dose of from about le14 cm to about 1e16 
cm to forman N-type (NMOS) SONOS memory transistor 
and, preferably, a P-type (PMOS) logic transistor having high 
work function gate electrodes. More preferably, the polysili 
con layer 216 is doped to a concentration or dose selected so 
that the minimum energy needed to remove an electron from 
the gate electrode is from at least about 4.8 electron volts (eV) 
to about 5.3 eV. 

Alternatively, the polysilicon layer 216 can be doped by ion 
implantation after patterning or etching the polysilicon layer 
and the underlying dielectric layers. It will be appreciated that 
this embodiment includes additional masking steps to protect 
exposed areas of the substrate 206 surface 204 and/or the 
dielectric layers from receiving undesired doping. However, 
generally such a masking step is included in existing process 
flows regardless of whether the implantation occurs before or 
after patterning. 

Referring to FIG. 2D, the polysilicon layer 216 and the 
underlying dielectric stack 202 and oxide layer 214 are pat 
terned or etched to form high work function gate electrodes 
218 of the memory transistor 220 and logic transistor 222. In 
one embodiment polysilicon layer 216 can be etched or pat 
terned using a plasma comprising hydrobromic acid (HBr), 
chlorine (CL) and/or oxygen (O) at a pressure of about 25 
mTorr, and a power of about 450 W. The oxide layers 208, 
212, 214, and oxynitride layers 210A, 210B, can be etched 
using standard photolithographic and oxide etch techniques 
as described. For example, in one embodiment the patterned 
polysilicon layer 216 is used as a mask, and the exposed oxide 
layers 208, 212, 214, and oxynitride layers 210A, 210B. 
etched or removed using low pressure RF plasma. Generally, 
the plasma is formed from a processing gas comprising a 
fluorinated hydrocarbon and/or fluorinated carbon com 
pounds, and further including Arand Nat flow rates selected 
to maintain a pressure in the etch chamber of from about 50 
mT to about 250 mT during processing. 

Finally, the substrate is thermal annealed with a single or 
multiple annealing steps at a temperature of from about 800° 
C. to about 1050° C. for a time of from about 1 second to about 
5 minutes to drive in ions implanted in the polysilicon layer 
216, and to repair damage to the crystal structure of the 
polysilicon layer caused by ion implantation. Alternatively, 
advanced annealing techniques, such as flash and laser, can be 
employed with temperatures as high as 1350° C. and anneal 
times as low as 1 millisecond. 
A partial cross-sectional side view of a semiconductor 

device 300 including a logic transistor 302 and non-volatile 
memory transistor 304 comprising high work function gate 
electrodes according to an embodiment of the present inven 
tion is shown in FIG. 3. Referring to FIG. 3, the memory 
transistor 304 is formed on a silicon substrate 306 and com 
prises a high work function gate electrode 308 formed from a 
doped polysilicon layer overlying a dielectric stack 310. The 
dielectric stack 310 overlies and controls current through a 
channel region312 separating heavily doped source and drain 
(S/D) regions 314. Preferably, the dielectric stack 310 
includes a tunnel oxide 316, a multi-layer charge storage 
layer 318A, 318B, and a top or blocking oxide layer 320. 
More preferably, the multi-layer charge storage layer 318A, 
318B, includes at least a top, charge trapping oxynitride layer 
318A and a lower, substantially trap free oxynitride layer 
318B. Optionally, as shown in FIG. 3, the memory transistor 
304 further includes one or more sidewall spacers 322 sur 
rounding the gate stack to electrically insulate it from contacts 
(not shown) to the S/D regions 320 and from other transistors 
in the semiconductor device formed on the substrate 306. 
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The logic transistor 302 comprises a gate electrode 324 
overlying an oxide layer 326 formed over a channel region 
328 separating heavily doped source and drain regions 330, 
and, optionally, can include one or more sidewall spacers 332 
Surrounding the gate electrically insulate it from contacts (not 
shown) to the S/D regions. Preferably, as shown in FIG.3, the 
gate electrode 324 of the logic transistor 302 also comprises 
a high work function gate electrode formed from a doped 
polysilicon layer. 

Generally, the semiconductor device 300 further includes a 
number of isolation structures 334, such as a local oxidation 
of silicon (LOCOS) region or structure, a field oxidation 
region or structure (FOX), or a shallow trench isolation (STI) 
structure to electrically isolate individual transistors formed 
on the substrate 306 from one another. 

The foregoing description of specific embodiments and 
examples of the invention have been presented for the pur 
pose of illustration and description, and although the inven 
tion has been described and illustrated by certain of the pre 
ceding examples, it is not to be construed as being limited 
thereby. They are not intended to be exhaustive or to limit the 
invention to the precise forms disclosed, and many modifica 
tions, improvements and variations within the scope of the 
invention are possible in light of the above teaching. It is 
intended that the scope of the invention encompass the 
generic area as herein disclosed, and by the claims appended 
hereto and their equivalents. The scope of the present inven 
tion is defined by the claims, which includes known equiva 
lents and unforeseeable equivalents at the time offiling of this 
application. 
What is claimed is: 
1. A semiconductor device comprising: 
an oxide-nitride-oxide (ONO) dielectric stack on a surface 

of a substrate, the ONO dielectric stack comprising a 
multi-layer charge storage layer including a silicon-rich, 
oxygen-lean top silicon nitride layer and an oxygen-rich 
bottom silicon nitride layer; and 

a high work function gate electrode formed over a surface 
of the ONO dielectric stack, the high work function gate 
electrode comprising a P+doped polysilicon layer. 

2. The semiconductor device of claim 1, wherein the sub 
strate comprises a silicon surface over which the ONO dielec 
tric stack is formed, and wherein the semiconductor device 
comprises a silicon-oxide-nitride-oxide-silicon (SONOS) 
transistor. 

3. The semiconductor device of claim 2, further comprising 
a metal oxide semiconductor (MOS) transistor formed on the 
substrate with the SONOS transistor. 

4. The semiconductor device of claim3, wherein the MOS 
transistor includes a gate dielectric layer and a high work 
function gate electrode. 

5. The semiconductor device of claim 4, wherein the high 
work function gate electrode of the MOS transistor comprises 
a P+ doped polysilicon layer. 

6. The semiconductor device of claim 5, wherein both the 
high work function gate electrode of the SONOS transistor 
and the high work function gate electrode of the MOS tran 
sistor are formed from a single, patterned doped polysilicon 
layer. 

7. The semiconductor device of claim 1, wherein the top 
silicon nitride layer is a top silicon oxynitride layer and the 
bottom silicon nitride layer is a bottom silicon oxynitride 
layer. 

8. The semiconductor device of claim 7, wherein the top 
silicon oxynitride layer is a trap-rich silicon oxynitride layer 
and the bottom silicon oxynitride layer is a substantially trap 
free silicon oxynitride layer. 
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9. A method comprising: 
forming an oxide-nitride-oxide (ONO) dielectric stack on a 

surface of a substrate, the ONO dielectric stack compris 
ing a multi-layer charge storage layer including a sili 
con-rich, oxygen-lean top silicon nitride layer and an 
oxygen-rich bottom silicon nitride layer; and 

forming a high work function gate electrode over a surface 
of the ONO dielectric stack, the high work function gate 
electrode of the logic transistor comprising a P+ doped 
polysilicon layer. 

10. The method of claim9, wherein the substrate comprises 
a silicon surface over which the ONO dielectric stack is 
formed, and wherein the method comprises forming a silicon 
oxide-nitride-oxide-silicon (SONOS) transistor in a first 
region of the surface of the substrate. 

11. The method of claim 10, further comprising forming a 
metal oxide semiconductor (MOS) transistor in a second 
region of the surface of the substrate. 

12. The method of claim 11, wherein forming the MOS 
transistor comprises forming a gate dielectric layer over the 
Surface of the substrate in the second region and forming a 
high work function gate electrode over the gate dielectric 
layer. 

13. The method of claim 12, wherein forming the high 
work function gate electrode of the MOS transistor comprises 
forming a P+ doped polysilicon layer. 

14. The method of claim 13, wherein forming the high 
work function gate electrode over the surface of the ONO 
dielectric stack and forming the high work function gate 
electrode of the MOS transistor comprises concurrently 
forming the high work function gate electrode over the sur 
face of the ONO dielectric stack and the high work function 
gate electrode of the MOS transistor from a single, patterned 
doped polysilicon layer. 

15. The method of claim 9, wherein forming the ONO 
dielectric stack comprises forming a bottom silicon oxyni 
tride layer over a tunnel oxide layer and a top silicon oxyni 
tride layer over the bottom silicon oxynitride layer. 

16. The method of claim 15, wherein the top silicon oxyni 
tride layer is a trap-rich silicon oxynitride layer and the bot 
tom silicon oxynitride layer is a substantially trap free silicon 
oxynitride layer. 

17. A semiconductor device comprising: 
a channel to electrically connect a source region and a drain 

region formed in a substrate; 
an oxide-nitride-oxide (ONO) dielectric stack disposed 

above the channel, the ONO stack comprising a multi 
layer charge storage layer including a silicon-rich, oxy 
gen-lean top silicon nitride layer and an oxygen-rich 
bottom silicon nitride layer; and 

a high work function gate electrode formed over a surface 
of the ONO dielectric stack, the high work function gate 
electrode comprising a P+ doped polysilicon layer. 

18. The semiconductor device of claim 17, wherein the 
channel comprises silicon over which the ONO dielectric 
Stack is formed, and wherein the semiconductor device com 
prises a silicon-oxide-nitride-oxide-silicon (SONOS) transis 
tor. 

19. The semiconductor device of claim 17, wherein the top 
silicon nitride layer is a top silicon oxynitride layer and the 
bottom silicon nitride layer is a bottom silicon oxynitride 
layer. 

20. The semiconductor device of claim 19, wherein the top 
silicon oxynitride layer is a trap-rich silicon oxynitride layer 
and the bottom silicon oxynitride layer is a substantially trap 
free silicon oxynitride layer. 
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